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ABSTRACT
Among many physical processes involved in star formation, radiation transfer is one of the key
processes since it dominantly controls the thermodynamics. Because metallicities control opacities,
they are one of the important environmental parameters which affect star formation processes. In
this work, I investigate protostellar collapse in solar-metallicity and low-metallicity (Z = 0.1Z⊙)
environments using 3D radiation hydrodynamic and magnetohydrodynamic simulations. Because
radiation cooling is more effective in the low-metallicity environments, first cores are colder and have
lower entropies. As a result, first cores are smaller, less massive and have shorter lifetimes in the low-
metallicity clouds. Therefore, first cores would be less likely to be found in low-metallicity star forming
clouds. This also implies that first cores tend to be more gravitationally unstable and susceptible to
fragmentation. The evolution and structure of protostellar cores formed after the second collapse
weakly depend on metallicities in the spherical and magnetized models despite the large difference in
the metallicities. Because this is due to the change of the heat capacity by dissociation and ionization
of hydrogen, it is a general consequence of the second collapse as long as the effects of radiation cooling
are not very large during the second collapse. On the other hand, the effects of different metallicities
are more significant in the rotating models without magnetic fields, because they evolve slower than
other models and therefore more affected by radiation cooling.
Subject headings: stars: formation — ISM: clouds — ISM: jets and outflows — radiative transfer —
magnetohydrodynamics
1. INTRODUCTION
Stars are formed in various environments with differ-
ent density, temperature, rotation, turbulence, magnetic
fields, metallicities, and so on. To take account of these
effects, computational simulations including many physi-
cal processes have been extensively performed and played
leading roles in understanding star formation processes.
Among these physical processes, metallicities are one of
the important parameters which control thermal evolu-
tion through radiation transfer. Thermodynamics is of
critical importance in dynamics of collapsing clouds; for
instance, the effective adiabatic index γ is an important
criterion whether a gas sphere collapses dynamically by
self-gravity.
It is well accepted that the early phase of star forma-
tion, from molecular clouds cores to protostellar cores,
proceeds through two distinctive stages (Larson 1969;
Masunaga & Inutsuka 2000; Vaytet et al. 2013). Ini-
tially a dense cloud core collapses almost isothermally
because radiation cooling is highly efficient. When the
gas gets dense enough and radiation cooling becomes in-
efficient, the gas pressure balances with gravity and a
quasi hydrostatic object, a so-called first core, is formed.
This first core evolves by gas accretion from envelope.
When the gas temperature around the center of the cloud
reaches about 2,000K where molecular hydrogen starts
to dissociate, the first core becomes unstable and col-
lapses again. After this second collapse, finally a second
core, or a protostellar core, is formed when the dissoci-
ation almost completes and the gas becomes stiff again.
Modern multi-dimensional simulations with many phys-
ical processes including radiation transfer confirmed this
scenario (Bate 1998, 2010, 2011; Scho¨nke & Tscharnuter
2011; Tomida et al. 2013) and now it is well established.
By the nature of its formation, it is obviously expected
that the evolution and properties of first cores depend on
radiation transfer and therefore on metallicities. How-
ever, it is not very clear how the formed protostars are
affected by the different evolution in the early phase.
The effects of metallicities have been studied quite well,
especially in the context of formation of the first and
second generation stars. Using one-zone approximation
or 1D hydrodynamic calculations, the effects of differ-
ent metallicities on thermal evolution has been investi-
gated elaborately (Omukai 2000; Schneider et al. 2002;
Omukai et al. 2005, 2010). Multi-dimensional hydrody-
namic simulations with the barotropic approximation us-
ing the evolution track obtained in those calculations
have been also performed, and conditions and outcomes
of fragmentation have been investigated (Machida 2008;
Machida et al. 2009). On the other hand, in the context
of present-day star formation, Myers et al. (2011) per-
formed radiation hydrodynamic simulations of cluster-
scale star formation, and found that the initial mass
function is insensitive to the metallicities. While a sta-
tistical study on the large scale was done in their work,
their resolution is limited (∼ 7AU) and optically-thick
objects (i.e. first cores and circumstellar disks) are not
well resolved, where the effects of different metallicities
are expected to be more significant.
In this paper, I report the results of 3D nested-grid
RHD and RMHD simulations of protostellar collapse
from molecular cloud cores to protostellar cores with dif-
ferent metallicities. Because of the limited physical pro-
cesses involved in the code, I focus on the 0.1Z⊙ models
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and compare them with the solar abundance models in
the context of present-day low-mass star formation. The
main goal of this work is to clarify the effects of the metal-
licities especially on the structures and evolution of first
cores and protostellar cores. This paper is organized as
follows. In § 2 the numerical methods and setups used in
this paper are explained. The results of the simulations
and analyses are shown in § 3. Finally conclusions and
discussions are presented in § 4.
2. METHODS AND MODELS
I calculate collapse of unstable molecular cloud cores
until protostellar cores are formed. The simulations
are performed using the ngr3mhd code which includes
3D nested-grid, resistive MHD, self-gravity, radiation
transfer and a realistic equation-of-state (EOS). In this
work, I do not use the resistive MHD part and I per-
form ideal MHD simulations and non-magnetized hy-
drodynamic simulations. The detailed description of
the code is given in Tomida et al. (2013) (hereafter Pa-
per I). The MHD part is solved by the HLLD approx-
imate Riemann solver (Miyoshi & Kusano 2005) with
second-order linear reconstruction. The solenoidal con-
straint is numerically enforced using the mixed correc-
tion proposed by Dedner et al. (2002). To solve the Pois-
son equation for self-gravity, I use the multi-grid solver
(Matsumoto & Hanawa 2003). The gray Flux Limited
Diffusion approximation (FLD; Levermore & Pomraning
(1981); Levermore (1984)) is adopted for radiation trans-
fer and the radiation subsystem is integrated implicitly.
Finally, I use the tabulated equation-of-state which in-
cludes the effects of chemical reactions between seven
species (H2,H,H
+,He,He+,He2+ and e−) and internal
degrees of freedom (rotation and vibration). The or-
tho:para ratio of molecular hydrogen is fixed to be 3:1.
To simulate low-metallicity clouds, the opacity ta-
bles are modified from Paper I. Although dust prop-
erties such as the structure, composition and size
distribution can depend on the metallicities and
other environmental parameters (e.g. Draine et al. 2007;
Planck Collaboration et al. 2011), I adopt the dust opac-
ity tables provided by Semenov et al. (2003) simply as-
suming that the dust opacities are proportional to the
metallicities. For gas opacities, I combine the tables of
Ferguson et al. (2005) and Seaton et al. (1994) with ad-
equate abundances. In order to isolate the effects of dif-
ferent metallicities, other model parameters, the EOS
in particular, are kept unchanged. Because the contri-
bution from heavy elements is small, the effects of the
different metallicities on the EOS are small. Note that
clouds with Z = 0.1Z⊙ can be reasonably simulated with
the current code but it is not adequate if the metallicity
is below Z <∼ 10
−2Z⊙. In clouds with such low metallic-
ities, radiation cooling by molecular lines is significant
in the relatively low-density region (Omukai et al. 2010),
but it is not implemented in the code as the dust con-
tinuum is assumed to be the dominant opacity source
in the low-temperature region. Therefore, here I only
study Z = 0.1Z⊙ cases and compare them with the so-
lar abundance models. I use X = 0.7, Z = 0.02 and
Y = 1 − (X + Z) for the solar abundance models, while
the low metallicity models are calculated with X = 0.7,
Z = 0.002.
Ωtff Ω (×10
−14 s−1) B0 (µG) µ0 A2 Z(Z⊙)
SS 0 0 0 ∞ 0 1
SL 0 0 0 ∞ 0 0.1
HS 0.023 1.2 0 ∞ 0.1 1
HL 0.023 1.2 0 ∞ 0.1 0.1
MS 0.023 1.2 20 3.8 0.1 1
ML 0.023 1.2 20 3.8 0.1 0.1
TABLE 1
Summary of the initial model parameters. From left to right: the
normalized angular velocities (tff ∼ 6.08× 10
4 yrs), the angular
velocities, the magnetic field strengths, the mass-to-flux ratios
normalized to the critical value (µ0 ≡
M/Φ
(M/Φ)crit
where
Φ = piR2B0 and (M/Φ)crit =
0.53
3pi
(
5
G
)1/2
), the amplitudes of
m = 2 perturbation and the metallicity. Other parameters are
common: M = 1M⊙, R ∼ 8800AU, ρc = 1.2× 10−18 g cm−3,
and T0 = 10K.
I calculate six models; a spherical model, a rotating
model without magnetic fields and a magnetized rotat-
ing model for each metallicity. The model parameters
are summarized in Table. 1. The first character of the
model corresponds to the initial conditions and the sec-
ond represents the metallicities. In all the models, the
Bonnor-Ebert spheres (Bonnor 1956; Ebert 1955) with
20% density enhancement are used as the initial condi-
tions. The central density is 1.2×10−18 g cm−3, the mass
is 1M⊙ and the radius is ∼ 8800AU. Rigid-body rotation
with Ω = 1.2×10−14 s−1 is imposed for the rotating mod-
els as well as regularlized 10% m=2 perturbation. Finally
uniform mangetic fields of 20µG aligned to the rotational
axis are introduced in the magnetized models. These ini-
tial conditions are similar to the slow rotating models in
Paper I. The simulations are stopped when the central
temperature reaches Tc = 50, 000K in the spherical and
magnetized models, but the non-magnetized models are
stopped at Tc = 2, 000K because they take much longer
and I could not calculate the evolution after the second
collapse long enough.
3. RESULTS
3.1. Spherical Models
In order to clarify the effects of the different metallici-
ties on the thermodynamics and dynamics, I discuss the
spherical models first. Fig. 1 shows the evolution tracks
of the gas elements at the center of the clouds and the
profiles at the end of the simulations in the ρ− T plane.
The radial density and temperature profiles at the end
of the calculations are shown in Fig. 2. Fig. 3 is the time
evolutions of the gas density and temperature after the
first core formation.
3.1.1. Overview of Evolution
In the low-density regions before first cores are formed
(ρc <∼ 10
−12 g cm−3), the gas evolves almost isothermally
because of efficient radiation cooling. In this phase, the
gas temperature rises earlier in the low-metallicity model.
This is because radiation cooling is regulated by coupling
between gas and radiation rather than radiation transfer
in this phase, and its time scale is inversely proportional
to the opacity. However, because the energy exchange is
extremely sensitive to the gas temperature (note that the
dust opacities are proportional to square of the temper-
ature, κ ∝ T 2, in the low temperature region), the gas
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Fig. 1.— The profiles of the spherical models (SS and SL) at the end of the simulations (dashed lines) and the evolution tracks of the
central gas elements (solid lines) in the ρ−T plane. The red lines are the solar abundance model and the blue lines are the low-metallicity
models. The gray dotted lines indicate purely adiabatic evolution tracks starting from log ρ = −11.5,−12.0,−12.5 at T = 10K and the
magenta dash-dotted lines are the dust evaporation temperatures (Semenov et al. 2003). The yellow shaded regions are where the adiabatic
index γ is below the critical value of the gravitational stability (γ < 4/3) due to the endothermic chemical reactions, which are dissociation
of molecular hydrogen, ionization of hydrogen, the first and second ionizations of helium from bottom to top.
temperature increases earlier but only slightly in the low
metallicity case, and the gas collapses quasi-isothermally
and dynamically until radiation transfer becomes ineffi-
cient.
When the gas at the cloud center becomes dense
enough, ρc >∼ 10
−12 g cm−3, radiation cooling becomes in-
efficient and gas evolution becomes almost adiabatic fol-
lowing the EOS. Then, quasi-hydrostatic first cores are
formed and they evolve via accretion from the envelope.
The first core in SL is formed at the higher density and
the gas evolution takes the path with a lower entropy (or
temperature) because of more efficient radiation cooling.
The density at the same temperature is lower in SL by
a factor of ∼ 3. Initially the adiabatic index is γ ∼ 5/3
because the gas is too cold to excite rotational degrees of
freedom of molecular hydrogen, but then it decreases to
γ ∼ 7/5 when the gas temperature reaches T ∼ 100K.
The adiabatic evolution continues until all the dust
components evaporate at T ∼ 1, 400K (the top magenta
line in Fig. 1), then radiation cooling becomes effective
again and the evolution tracks go below the adiabatic
curves (the gray dotted lines) for a short time. This
is more prominent in SL. Beyond this point the opaci-
ties are dominated by molecules and atoms. Soon after
the dust evaporation, dissociation of molecular hydro-
gen begins (T >∼ 1800K, the yellow-shaded region). Dur-
ing this phase, the cores collapse dynamically because of
the strongly endothermic reaction. As this collapse is so
fast that it essentially happens in the free-fall time scale
(tff <∼ 1 yr) and the gas density increases quickly, radia-
tion cooling becomes ineffective and the evolution tracks
follow the adiabatic curves again. Finally protostellar
cores are formed when the dissociation almost completes
and they evolve quasi-adiabatically.
The deviation of the evolution tracks from the adia-
batic curves after the dust evaporation indicate that the
gas entropies are reduced by radiation cooling in both
models, and it is more significant in SL. Therefore, the
protostellar core in SL experiences more strong radiation
cooling before its formation. However, the separation
between the two evolution tracks get narrowed after the
second collapse. This is solely due to the chemical re-
actions as seen in the adiabatic curves converging after
the second collapse. This convergence means that pro-
tostellar cores are less sensitive to the conditions before
the second collapse. The theoretical explanation of this
process is given in Appendix.
Overall, these spherical models are in good agree-
ment with 1D spherical models of Omukai et al. (2010)
in which more detailed chemistry and radiation transfer
are considered. The evolutions in the low density region
before formation of the first cores are different because
of the different initial and boundary conditions, but the
evolution and structures of the first cores and protostel-
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Fig. 2.— The radial distributions of the gas density, temperature
and infall velocity (from top to bottom) in the spherical models at
the end of the calculations. The red lines are the solar abundance
model and the blue lines are the low-metallicity models.
lar cores are consistent, including the effects of the dust
evaporation.
3.1.2. First Cores
The first core structures are significantly different be-
tween the two models. The first core in SL has a sig-
nificantly colder profile (Figures 1 and 2). Because the
colder gas provides less pressure support, the resulting
first core is smaller, less massive and shorter-lived in the
low-metallicity model. The radii and masses of the first
core are 1.6 AU and 1.7× 10−2M⊙ in SL, while they are
2.7 AU and 3.1×10−2M⊙ in SS. The surfaces of the first
cores are identified as the sharp isothermal jumps around
ρ ∼ 10−12 g cm−3 in Fig. 1, which mean that almost
all the kinetic energy in the inflow is radiated away to
the upstream in both models (Commerc¸on et al. 2011).
Defining the birth time of the first core as the first bounce
(Tc ∼ 100K), the first core lifetimes are about 700 years
in SS and about 300 years in SL (Fig. 3). So the mass and
radius are smaller, and also the lifetime of the first core
is significantly shorter by a factor of ∼ 2 in the 0.1Z⊙
case. Note that the mass is almost proportional to the
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Fig. 3.— The density and temperature evolution at the center
of the clouds as functions of the time. Colors are the same as in
Fig. 2. The spherical models are solid lines, the rotating models
without magnetic fields are dashed, and the magnetized models are
dotted lines. The origin of time is defined as the epoch when the
central density reaches 10−13 g cm−3.
lifetime because the evolutions in the isothermal phase
are essentially the same and the accretion rates are simi-
lar in both models as predicted from the Larson-Penston
self-similar solution (Larson 1969; Penston 1969).
When all the dust components evaporate, the opaci-
ties are significantly decreased. This feature can be seen
clearly both in the evolution tracks and the profiles (Fig-
ures 1 and 2), especially in SL, as a steep temperature
drop around ∼ 1.2AU and ρ ∼ 6×10−10 g cm−3. Within
this radius, the temperature gradient is shallower be-
cause the opacities are significantly decreased and radia-
tion transfer works efficiently, but this region is confined
by the optically-thick wall and therefore does not affect
the envelope significantly in this early phase.
While the first core radius is smaller in SL, the surface
temperature is similar to SS, which means the first core is
fainter. This is because the first core is less massive at the
end of its lifetime in SL. Therefore, it is very difficult to
find a first core in low metallicity environments because
of its lower luminosity and shorter lifetime.
3.1.3. Protostellar Cores
Compared to the first cores, the protostellar cores are
more similar, as expected from the discussion above. I
stop the simulations when the central temperature is
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Fig. 4.— The profiles of the non-magnetized rotating models (HS
and HL) at the end of the simulations along the rotation axis (z,
dashed lines) and in the disk mid-planes (x and y, dotted lines), and
the evolution tracks of the central gas elements (solid lines) in the
ρ− T plane. The red lines are the solar abundance model and the
blue lines are the low-metallicity models. The adiabatic evolution
tracks and dust evaporation temperatures are also plotted as in
Fig. 1. Note that the density and temperature ranges are different
from Figures 1 and 6.
Tc ∼ 50, 000K
1, but the protostellar cores are still ex-
panding as reported in Paper I (see also Larson 1969;
Winkler & Newman 1980). At this epoch, the radii
and masses of the protostellar cores are 4.2R⊙ and
5.6 × 10−3M⊙ in SL, 4.4R⊙ and 7.2 × 10
−3M⊙ in SS.
The protostellar core surfaces appear as the sharp adi-
abatic jumps around ρ ∼ 10−5 g cm−3 in Fig. 1, indi-
cating that the accretion flow is still highly optically-
thick and radiation cooling is inefficient even in the low
metallicity model. The accretion rates measured at the
surfaces of the protostellar cores (M˙ = 4pir2ρvr) are
2.7×10−3M⊙ yr
−1 and 5.2×10−3M⊙ yr
−1 in SL and SS,
respectively. This higher accretion rate in SS is due to
the higher temperature when the second collapse begins
as the accretion rate is M˙ ∼ c3s/G. Thus, the metallic-
ities affect the structure and early evolution of the pro-
tostellar cores but the differences are below a factor of 2
or less in spite of the metallicity difference of one order
of magnitude. Note that these differences originate from
the different conditions before the second collapse and
radiation cooling after the second collapse is not impor-
tant because the accretion flows are extremely optically
thick. Thus, protostellar cores formed in different metal-
licity environments will be similar if other conditions like
initial masses, turbulence and magnetic fields are similar.
3.2. Rotating Models without Magnetic Fields
In this section, I only discuss the first cores because
the simulations are stopped when the central tempera-
ture reaches Tc = 2, 000K in the non-magnetized mod-
els. These simulations are much more computationally
expensive than other models because they evolve much
slower because of rotational support.
1 Although the simulation parameters are the same, this thresh-
old is earlier than the end of simulations in Paper I, therefore these
results should not be directly compared with those in Paper I.
3.2.1. Overview of Evolution
The angular momentum within the initial molecu-
lar cloud core is large enough to prevent gas from di-
rectly collapsing into a single star. As a result, the first
cores are supported by rotation and form circumstellar
disks. As there are no magnetic fields in these mod-
els, these disk are so massive that they become grav-
itationally unstable and spiral arms are spontaneously
formed. Then gravitational torque through these non-
axisymmetric structures transport angular momentum
efficiently, which enables formation of the protostellar
cores (Bate 1998).
The evolution tracks of the central gas elements
(Fig. 4) clearly show the significant effects of radiation
cooling. Although the thermal evolutions in the early
phase are similar to those in the spherical models, the
evolution tracks deviate from the adiabatic evolution ear-
lier and more significantly. This is obviously because the
first cores evolve more slowly due to the rotational sup-
port (Fig. 3). The lifetimes of the first cores are about
2800 years in HS and about 1500 years in HL. Since the
radiation cooling is more prominent in HL, the difference
in the formed protostellar cores will be larger than in the
spherical models.
3.2.2. First Cores
The cross sections of the density and temperature at
the end of the simulations are shown in Fig. 5. The
first cores are supported by rotation and form disks as
the spiral arms are formed by the gravitational instabil-
ity and transport angular momentum. The profiles in
the disks (the dotted lines in Fig. 4) show that the first
core disks are strongly cooled by radiation, and they are
even colder than the central gas elements. The effect of
radiation cooling is more prominent in HL in the high
density region (ρ >∼ 10
−10 g cm−3), while the low density
regions have similar temperatures. The (major, minor)
radii of the rotationally supported regions (where the
toroidal velocity is dominant) and the masses of the first
core are about (16 AU, 13 AU) and 5.6 × 10−2M⊙ HL,
while they are (17 AU, 14 AU) and 8.8× 10−2M⊙ in HS.
Note that the radii are difficult to measure because they
are highly dynamical as the gravitational instability oc-
curs intermittently. While their masses differ by about
60%, the sizes the rotationally-supported disks are simi-
lar, which means that the angular momentum transport
by the gravitational torque is more efficient in the low
metallicity environment because the disk is colder and
therefore more gravitationally unstable. Although the
disks in this work have not fragmented during the first
core phase, these results suggest that the circumstellar
disks tend to be more susceptible to fragmentation in the
lower metallicity environments.
The vertical structures at the disk centers (the dashed
lines in Fig.4) are significantly different. The thicknesses
at the centers of the first cores are 1.1 AU in HS and 0.8
AU in HL, which are smaller than the radii in the spher-
ical models. As the evolution in the rotating models is
significantly slower than that in the spherical models, the
temperature distributions do not have jumps any more at
the dust evaporation temperature in both models. The
dust evaporation front extends to the lower density re-
gion in HL and the surface temperature is significantly
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Fig. 5.— The cross sections of the rotation models without magnetic fields (the left column is HS and the right is HL) at the end of the
first core phases (Tc ∼ 2, 000K). The gas density is plotted in the first and third rows, while the others are temperature. The top two rows
are edge-on view and bottom two are face-on view. The edge of each panel is about 35 AU.
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higher than in HS.
The non-magnetized model with the solar abundance
can be compared with Bate (2011). Although the over-
all evolutions are similar, the disk in HS is colder than
β = 0.005 model in Bate (2011), probably because of
the different accretion rates due to the different initial
temperatures (10K vs 14K) and density profiles (Bonnor-
Ebert vs uniform). The accretion rate achieved in this
work is about half of that in Bate (2011) (estimated from
the lifetimes of the first cores without rotation), which
results in longer cooling and less heating. Also, since the
opacities are proportional to T 2 in the low temperature,
the higher initial temperature means the higher optical
depth in the envelope.
3.3. Rotating Models with Magnetic Fields
3.3.1. Overview of Evolution
When magnetic fields present, they transport angular
momentum very efficiently so that circumstellar disks
are not formed in the early phase of star formation.
This is the so-called magnetic braking catastrophe as
discussed in many precedent works (e.g. Mellon & Li
2008; Hennebelle & Teyssier 2008; Li et al. 2011). As
the magnetic fields interact with rotating gas, the
bipolar outflows are launched around the first cores
by the magneto-centrifugal force (Blandford & Payne
1982; Tomisaka 1998, 2002; Commerc¸on et al. 2010;
Tomida et al. 2010b), which also carry angular momen-
tum away from the first cores. As a result, the thermal
evolutions are very similar to those in the spherical mod-
els, which are clearly seen in Fig. 6. The lifetimes of the
first cores are 700 years in MS and 300 years in ML, re-
spectively, which are also essentially the same as in the
spherical models (Fig. 3).
3.3.2. First Cores and Outflows
The density and temperature cross sections at the out-
flow scale and the first core scale are shown in Figures
7 and 8. Slow (v <∼ 1 km s
−1) molecular outflows with
wide-opening angles are driven around the first cores in
both models. Although the sizes of the outflows are dif-
ferent, their velocities and morphologies are very similar
because the gas thermodynamics has almost no impact
on the launching mechanism of the outflows. Therefore,
roughly speaking, the different traveled distances of the
outflows at the end of the simulations, about 55 AU in
MS and 35 AU in ML, are simply consequences of the
first core lifetimes.
The first cores and surrounding pseudo disks warp due
to the magnetic interchange instability (see Paper I). Ex-
cept for these perturbations, the first cores are virtu-
ally spherical in both models; the first cores are rotating
only slowly as a result of the efficient angular momentum
transport by magnetic fields. The distributions in Fig. 6
also indicate that the first cores are spherically symmet-
ric; all the profiles along three axes are similar in the first
cores (10−11 g cm−3 <∼ ρ
<
∼ 10
−8 g cm−3). On the other
hand, the outer regions (ρ <∼ 10
−12 g cm−3) are signifi-
cantly anisotropic because there present the pseudo disks
and outflows. The first core mass and radius in MS are
5.6× 10−3M⊙ and 3.0AU, while they are 1.9× 10
−3M⊙
and 1.6AU in ML. These properties are again very close
to those in the spherical models.
3.3.3. Protostellar Cores
The formed protostellar cores are rotating very slowly
in both models, and not supported by rotation at all.
They are slightly elongated along the rotational axis
and the accretion flows are somewhat anisotropic be-
cause of the interchange instability in the first core scales,
but roughly speaking the protostellar cores are almost
spherically symmetric (Fig. 9). In Fig. 6, the outer
regions of the protostellar cores close to their surfaces
(ρ ∼ 10−5 g cm−3) have different profiles due to the
anisotropy, but the central regions (ρ >∼ 10
−4 g cm−3) are
highly symmetric. Their properties are essentially the
same as in the spherical models; the radii and masses of
the protostellar cores are 4.4R⊙ and 6.9 × 10
−3M⊙ in
MS, 3.9R⊙ and 4.8 × 10
−3M⊙ in ML. As in the spheri-
cal models, they are still expanding and evolving as the
gas accretion continues. The protostellar core in ML is
less massive and less evolved than in MS and also than
in SL by some reason although the central density and
temperature are almost the same as in SL. Again, the
differences in the protostellar core properties are not as
significant as the metallicity difference, which is one or-
der of magnitude.
4. CONCLUSIONS AND DISCUSSIONS
In this paper, I performed 3D RHD and RMHD simu-
lations of protostellar collapse in low metallicity environ-
ments (Z = 0.1Z⊙) and compared them with the models
with the solar metallicity. Note that the evolutions after
dust evaporation in the low metallicity models are largely
changed from the presentation at Protostars & Plan-
ets VI because there were errors in the low-metallicity
gas opacities. In order to simulate thermodynamics and
dynamics in star formation processes, multi-dimensional
simulations including radiation transfer are crucial be-
cause the thermal evolution is not a simple function of
the local gas properties but highly non-linear, non-local
and time-dependent. In particular, the barotropic ap-
proximation used in many previous works cannot prop-
erly reproduce the thermal properties.
The properties of the first cores, protostellar cores and
outflows obtained in the simulations are summarized in
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Fig. 7.— The density (top) and temperature (bottom) cross sections of the magnetized models (the left column is MS and the right is
ML) in the outflow scale (the edge is about 140 AU). Because the system is quasi-axisymmetric except for the perturbation due to the
interchange instability, only the edge-on figures are shown.
Model MFC(10
−2M⊙) RFC(AU) tFC(yrs) MPC(10
−3M⊙) RPC(R⊙) Lout(AU)
SS 3.1 2.7 700 7.2 4.4 -
SL 1.7 1.6 300 5.6 4.2 -
HS 8.8 17 2800 - - -
HL 5.6 16 1500 - - -
MS 3.1 3.0 700 6.9 4.4 55
ML 1.9 1.6 300 4.8 3.9 35
TABLE 2
The properties of the first cores, protostellar cores and outflows in the simulations. From left to right, the masses, radii and lifetimes of
the first cores, the masses, radii of the protostellar cores, and the sizes of the outflows. The largest radii are shown when the first and
protostellar cores are not spherical. Note that the first and protostellar cores are still evolving and their properties are transient.
Table. 2. In short, the early evolution and structures of
the protostellar cores weakly depend on the metallicities
while the first cores are significantly more sensitive to the
metallicities. Although I simulated only the earliest evo-
lution of the protostellar cores, these results are useful as
input for further stellar evolution studies. The detailed
findings in this work are summarized as follows:
1. The first cores in the low-metallicity environments
are colder because of more efficient radiation cooling.
As a result, the low-metal first cores have smaller radii,
masses and shorter lifetimes.
2. Therefore, first cores are less likely to be found in
low-metallicity environments.
3. The first cores and protostellar cores in the ideal
MHD models are very similar to those in the spherical
models, except for the outflows. This is because of the
efficient angular momentum transport by magnetic fields.
3. The molecular outflows in the MHD models are
very similar in their speeds and morphologies because the
thermodynamics does not affect the driving mechanism
of the outflows. The different sizes of the outflows at
the end of the first core phase are simply due to their
lifetimes.
4. In the spherical and the ideal MHD models, the
properties of the formed protostellar cores are not very
sensitive to the metallicities. This is solely a consequence
of the dissociation and ionization of hydrogen and there-
fore quite general (see Appendix for the theoretical ex-
planation). Since typical magnetic fields observed in star
forming clouds are strong enough (e.g. Crutcher (2012)
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Fig. 8.— The same as Fig. 7 but in the first core scale (the edge is about 18 AU).
and references therein), the metallicity-dependencies of
the protostellar cores are expected to be small at least
when they are very young, while the first cores are more
sensitive to the metallicities.
5. When there is rotation but no or very weak mag-
netic fields, the first cores form disks supported by ro-
tation. As they evolve more slowly, the disks become
significantly colder than the first cores in the spherical
models due to radiation cooling. The effects of radiation
cooling is more prominent in the low metallicity envi-
ronments. As a result, considerable differences may ap-
pear in the protostellar cores compared to the spherical
and magnetized cases. Although the first cores in this
work have not fragmented, these results indicate that
the disks would be more susceptible to the gravitational
instability and fragmentation in the low-metallicity en-
vironments. Naively speaking, this implies a higher bi-
nary rate and probability of planetary-mass companions,
which is qualitatively consistent with the previous sim-
ulations using the barotropic approximation (Machida
2008; Machida et al. 2009). Note that, however, this is
not trivial because the initial conditions can depend on
the metallicities.
In order to predict the outcomes of star formation pro-
cesses such as the initial mass function and the binary or
multiple rates, it is crucial to convolve the initial distri-
butions and the outcome of each formation process. As
these results are just case studies on the early phases of
the specific models, more broad parameter survey and
long-term calculations are obviously required. For ex-
ample, the initial rotation and magnetic fields are very
important because the angular momentum and its trans-
port are crucial in the evolution of the disks. Besides,
the mass of the initial molecular cloud also has signifi-
cant impact. The radiation cooling effects would be more
significant in the low mass clouds because the evolution
is slower due to the lower accretion rate (Tomida et al.
2010a). Although current observations of low metallicity
star forming regions are limited, future observations of
star forming clouds in the outer regions of our Galaxy
or nearby satellites like SMC and LMC will be useful to
understand the effects of metallicities.
As a future work, the effects of metallicities on
non-ideal MHD effects are important and interesting.
While the Ohmic dissipation extends the first core
lifetimes slightly by suppressing the angular momentum
transport (Paper I), the ionization degree and resulting
resistivity themselves depend on the metallicities. In
the relatively low-density region where cosmic rays
predominantly contribute to ionization, the ionization
degree would be higher and the resistivity would be
lower than in the solar metallicity environments. On
the other hand, in the relatively high density region,
typically the interior of first cores, decay of radioactive
nuclei is the dominant ionization source. Therefore,
the ionization degree could decrease and the non-ideal
MHD could be more effective. Also, as the abundance of
potassium is smaller, the re-coupling due to the thermal
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Fig. 9.— The same as Fig. 7 but in the protostellar core scale (the edge is about 0.07 AU or 17 R⊙).
ionization of potassium (K) would occur at a slightly
higher density. Thus, the non-ideal MHD effects are not
trivial and detailed studies are required.
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APPENDIX: CONVERGENCE OF THE
EVOLUTIONS AFTER THE SECOND COLLAPSE
In this appendix, I explain why the adiabatic curves
with different entropies converge after the dissociation
of molecular hydrogen (Fig. 1). For simplicity, I only
discuss hydrogen gas as contribution of helium is small.
Suppose two adiabatic tracks with the same number of
hydrogen atoms but different entropies contracting from
fully molecular gas to fully ionized gas. Track A starts
from the initial state A1 (ρ1, T
A
1 ) and ends at the final
state A2 (ρ2, T
A
2 ), while Track B starts from B1 (ρ1, T
B
1 )
and ends at B2 (ρ2, T
B
2 ). The entropy difference between
the tracks can be estimated by considering isochoric pro-
cesses B1 → A1 and B2 → A2:
∆S =
∫ A
B
dS =
∫ A
B
CV
dT
T
. (1)
For simplicity, let us assume the heat capacity is constant
during these processes and neglect non-ideal effects such
as chemical reactions and interaction between particles.
Then, the entropy difference is estimated to be
∆S ∼ CV ln
TA
TB
. (2)
This indicates that the temperature difference is smaller
when CV is larger, and it is most significant during the
second collapse because dissociation of molecular hydro-
gen involves a huge latent heat and increases CV . At
A1 and B1 where the temperatures are so low (T
A,B
1 <
100K) that rotational and vibrational degrees of freedom
are not excited, the heat capacity is CV ∼
3
2N1k, where N
is the number of particles. At A2 and B2 where hydrogen
is completely dissociated and ionized (TA,B2 > 10
5K),
the heat capacity is also CV ∼
3
2N2k. Because the two
tracks are adiabatic, the entropy difference is constant
everywhere. Therefore a simple relation between the
temperature ratios is derived:
N1 ln
TA1
TB1
∼ N2 ln
TA2
TB2
. (3)
As the gas is fully molecular in the initial states and fully
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ionized in the final states, N2 ∼ 4N1 (it is possible to
improve this estimate by considering contribution from
helium). Finally,
TA2
TB2
∼
(
TA1
TB1
) 1
4
. (4)
Therefore, the temperature ratio after the second col-
lapse is much smaller than that before the second col-
lapse. The temperature ratio between the two tracks in
Fig. 1 starting from log ρ = −11.5 and−12.5 is TA1 /T
B
1 ∼
4.64 at log ρ1 = −11.5, while it is TA2/TB2 ∼ 1.56 at
log ρ2 = 0. This is in good agreement with the theo-
retical prediction, (4.64)1/4 ∼ 1.47, but slightly deviates
from the prediction probably because of the neglected
effects including contribution from helium and its ion-
ization.
Because this significant effect is solely a consequence
of thermodynamics and chemical reactions, it leads to a
quite general prediction; as long as radiative loss dur-
ing the second collapse is small (although this might not
be the case in the non-magnetized rotating models dis-
cussed in the text), formed protostellar cores only weakly
depend on the initial conditions.
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